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At temperatures comparable to the Fermi temperature, we have measured a plasmon enhanced
Coulomb drag in a GaAsyAlGaAs double quantum well electron system. This measurement provides
a probe of the many-body corrections to the coupled plasmon modes, and we present a detailed
comparison between experiment and theory testing the validity of local field theories. Using a
perpendicular magnetic field to raise the magnetoplasmon energy we can induce a crossover to single-
particle Coulomb scattering. [S0031-9007(97)02591-X]
PACS numbers: 73.40.Ty, 71.45.Gm, 72.10.–dQuantum many-body correlations give rise to novel
physics, especially in restricted dimensions where inter-
action effects are greatly enhanced. For example, two-
dimensional electron gases (2DEGs) created at a GaAsy
AlGaAs heterojunction have proven to be fertile systems
in which correlations reveal themselves in a striking mul-
titude of phenomena. In these systems, the kinetic energy
can be quenched to the extent that correlations dominate,
giving rise to effects such as the fractional quantum Hall
effect and Wigner crystallization. Furthermore, in double-
layer electron systems, it has been shown that correla-
tions lead to interesting phenomena such as new states in
the fractional quantum Hall regime. Collective modes in
coupled electron gases represent another significant area
for the study of many-body effects in reduced dimensions;
for example, Neilson et al. [1] showed that the low ly-
ing acoustic plasmon mode of the double-layer system is
strongly affected by correlations.
In zero magnetic field (B ­ 0) correlation effects have
been investigated by both optical [2] and compressibil-
ity [3] measurements. Transport measurements, on the
other hand, while being a good probe of single-particle
behavior, are generally a much less sensitive probe of the
correlations. However, one particular type of transport
measurement, Coulomb drag in double-layer electron sys-
tems, is predicted [4] to be a sensitive probe of the double-
layer plasmon modes. Since the plasmon modes are
affected by correlations, this allows the unique possibility
for a transport measurement to probe many-body correla-
tions in a two-dimensional system.
In this Letter we present the first transport measure-
ments confirming that coupled plasmons can be probed by
Coulomb drag. We compare the experimental data with
theoretical results based on the random phase approxima-
tion (RPA) with and without local field corrections in the
Hubbard approximation [5]. The theory reproduces the0031-9007y97y78(11)y2204(4)$10.00data well without any free fitting parameters. However,
the data leave some open questions about the applicability
of local field corrections at elevated temperatures.
In a drag measurement of two closely spaced, elec-
trically isolated 2DEGs, a drag voltage Vdrag is induced
in one layer when a current Idrive is passed through the
other [6]. Electron-electron interactions transfer momen-
tum from the drive layer (with carrier density ndrive) to
the drag layer (with density ndrag). The transresistivity is
defined as
rt ­
Vdrag
Idrive
W
L
, (1)
where W is the width of the Hall bar, L is the distance
between voltage probes in the drag layer, and has been
calculated [7–9] to be
rt ­ 2
h¯2
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dq
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(2)
where the static interlayer Coulomb interaction is V sqd,
esq, vd is the dielectric function, and the charge den-
sity fluctuations in a given layer are characterized by
the polarizability Im xsq, vd. At low temperatures and
zero magnetic field, Eq. (2) predicts a rt , T2 tempera-
ture dependence, [7] in approximate agreement with ex-
periment [6]. Deviations from T2 behavior at low T
have been attributed to the exchange of phonons [10]. In
a perpendicular magnetic field B the effects of Landau
quantization on the drag have been investigated at low
temperatures [11–13]; at higher temperatures the trans-
resistivity varies as rt , B2T [13].
At low temperatures the single-particle excitation (SPE)
spectrum for wave vectors much less than the Fermi wave© 1997 The American Physical Society
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Fermi velocity). The plasmon dispersion curves vpsqd
for a double 2DEG system consist of two branches, both
of which lie higher in energy than the SPE spectrum
[14–16]. The lower (upper) branch is the acoustic (optic)
plasmon, where the charge density oscillations in the two
layers are in antiphase (phase). At T ­ 0 the real part of
the dielectric function is zero, Re esq, vpd ­ 0, leading
to an “antiscreening” of the interlayer Coulomb interac-
tion for vpsqd. However, at low T there is no coupling
between the SPEs and the plasmons [Im xsq, vpd ­ 0]
and consequently there is no plasmon enhancement of rt .
At temperatures of the order of the Fermi temperature,
T , TF , the SPE spectrum is sufficiently broadened to
give a strong contribution to rt from the acoustic plas-
mon pole, through both Im xsq, vpd and esq, vpd. The
optic plasmon has a higher energy, and therefore makes
a smaller contribution to the integral in Eq. (2). Detailed
calculations [4,17] show a plasmon enhancement of the
scaled transresistivity rtT22 around 0.2TF , which peaks
close to 0.5TF . For T . 0.5TF the strong coupling be-
tween the plasmons and the SPEs causes Landau damping
of the two modes and the plasmon enhancement of the
drag diminishes [4,17].
Samples A and B were fabricated from two similar
wafers grown by molecular beam epitaxy, and consisted
of two 200 Å wide modulation-doped GaAs quantum
FIG. 1. The scaled transresistivity rtT22 versus the reduced
temperature TyTF of sample A, for matched carrier densi-
ties n ­ 1.37, 1.80, 2.23, and 2.66 3 1011 cm22. The dashed
(solid) lines are RPA (Hubbard) calculations of the scaled tran-
sresistivity. The Hubbard approximation with zero temperature
local field corrections improves the agreement between theory
and experiment in the low temperature region, but overesti-
mates the correlations at higher temperatures.wells separated by a 300 Å Al0.67Ga0.33As barrier. The
resulting center-to-center separation of the two 2DEGs
is d ­ 500 Å. Patterned back-gates were defined in
a buried n1 GaAs layer using in situ focused ion
beam lithography [18]. A Hall bar mesa (W ­ 67 mm
and L ­ 500 mm), NiCr:Au front-gates, and AuGeNi
Ohmic contacts to the back-gates and 2DEGs were
fabricated by optical lithography. Independent contacts
to the two layers were then formed using a selective
depletion technique [19,20]. Surface gates and back-
gates, extending over the active area of the Hall bar, were
used to control independently the carrier densities of the
individual layers, which were determined by four-terminal
Shubnikov–de Haas and low field Hall measurements.
The zero field measurements in Figs. 1 and 2 were
obtained from sample A which has an interlayer resistance
,100 MV. Upon application of a magnetic field the resis-
tive voltage drop in the drive layer increases, and there is a
corresponding increase in the leakage current between the
layers. Sample B has an interlayer resistance greater than
1 GV, and provided the magnetotransport measurements
shown in Fig. 3. The zero field measurements presented
for sample A were confirmed with sample B. Sample A
has as-grown carrier densities of 3.3 3 1011 cm22 and
2.3 3 1011 cm22 with low temperature mobilities of 9.0 3
105 cm2yVs and 1.3 3 105 cm2yV s in the upper
and lower 2DEGs, respectively. The corresponding
values for sample B are 3.1 3 1011 cm22, 2.2 3
1011 cm22 and 6.5 3 105 cm2yV s, 7.6 3 105 cm2yV s.
Samples A and B show quantitatively similar drag results.
FIG. 2. The scaled transresistivity rtndragyndrive of sample
A as a function of relative carrier density ndragyndrive, for
different reduced temperatures. The density of the drive layer
was fixed at ndrive ­ 2.66 3 1011 cm22 (TF ­ 110 K). The
dashed (solid) lines are RPA (Hubbard) calculations of the
scaled transresistivity. Note that the low temperature traces
are dominated by the phonon exchange mechanism and are not
expected to be reproduced by theory. As in Fig. 1 we see that
the Hubbard approximation overestimates the correlation effects
at high temperatures, whereas the intermediate temperature
regime is well reproduced by theory.2205
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B as a function of the relative carrier density at T ­ 40 K,
for B ­ 0, 0.6, 1.2, 1.8, and 2.2 T. The density of the drive
layer was fixed at ndrive ­ 2.23 3 1011 cm22 (TF ­ 93 K).
The figure shows how the plasmon peak disappears as the
magnetoplasmons are pushed to higher energies and the coupled
plasmon cannot be thermally excited.
The drag measurements were made using a circuit
and ac lock-in techniques, which have been described
elsewhere [6]. The measured transresistivity was identical
when the roles of the upper and lower 2DEG were
reversed, and rt scaled with L according to Eq. (1).
The drag measurements remained unchanged when the
position of the earth on the drag layer was switched
between the voltage probes, demonstrating that there are
no interlayer leakage effects [6].
Figure 1 shows the scaled transresistivity rtT 22 ver-
sus TyTF for matched carrier densities n ­ 1.37 to
2.66 3 1011 cm22. For all densities the traces show an
upturn close to 0.2TF with a maximum close to 0.5TF , in
good qualitative agreement with theoretical predictions.
The dashed lines in Fig. 1 show the scaled transresistivity
based on RPA calculations [4] of the coupled plasmon dis-
persion relations using the carrier densities and structural
parameters of our samples. These calculations evaluate
the Coulomb coupling between the layers and do not in-
clude the phonon exchange that is measured below 0.1TF .
The calculations, while reproducing the overall shape
of the drag, show discrepancies with the experiment. The
temperature required to excite the plasmon is lower in
the experimental traces and, over most of the tempera-
ture range, the magnitude of the drag is larger than the
prediction. The maximum in rtT 22 occurs at a lower
temperature than the calculation and the decline of the
enhancement at higher temperatures is more pronounced,
indicating that the RPA underestimates the Landau damp-
ing effect in this regime. Both features suggest that the
approximations of the RPA lead to a plasmon dispersion
relation above its true value, and that a more sophisticated
consideration of the collective excitations is required.2206The solid lines in Fig. 1 show calculations of the scaled
transresistivity, where intralayer exchange interactions are
included in the Hubbard approximation. The local field
calculations show qualitatively the same results as the
RPA; however, the inclusion of many-body correlations
lowers the plasmon energy, thereby increasing the plas-
mon contribution to the drag and lowering the temperature
required to excite the acoustic plasmon. The Hubbard ap-
proximation provides a better fit to the data and the tem-
perature required to excite the plasmon is better described
by the theoretical curves. The position of the predicted
maximum in rtT22 moves to lower temperature due to
the increased influence of Landau damping and the fit to
the experimental data points improves. However, there is
still a significant discrepancy in the magnitude of the drag.
Recent theoretical work [21] has emphasized the role of
many-body correlations in a Singwi-Tosi-Land-Sjölander
description of the drag and gives similar results to the
Hubbard approximation [22]. Both calculations use zero
temperature local field corrections to describe the corre-
lations; in contrast, the measurements are carried out at
a significant fraction of the Fermi temperature, possibly
leading to considerable modifications of the local fields.
In fact, the zero temperature local field corrections overes-
timate the correlation effects at high temperatures. Hence
improved finite temperature calculations are needed in or-
der to learn more about the correlations in coupled elec-
tron gases at elevated temperatures.
Figure 2 shows the scaled transresistivity as a function
of the relative carrier density, ndragyndrive, when the drive
layer was fixed at 2.66 3 1011 cm22. The plasmon
enhancement described by Eq. (2) depends on the product
Im xsq, vpddriveIm xsq, vpddrag, which has a maximum
when the boundaries of the SPE in each layer are
equidistant from the acoustic plasmon dispersion curve;
therefore a peak in rt is expected [4] at matched Fermi
velocities, ndrag ­ ndrive. At T ­ 0.16TF the drag shows
a monotonic decrease with ndragyndrive, characteristic
of single-particle Coulomb scattering; the maximum at
ndrag ­ ndrive develops with increasing temperature as
the SPE spectrum is smeared into the plasmon dispersion
curve. The theoretical curves in the RPA and Hubbard
approximation also show the evolution of the plasmon
signature at matched n, but with the same discrepancy in
magnitude that is evident in Fig. 1. When the tempera-
ture is lowered below T ­ 0.16TF the virtual phonon
interaction becomes the dominant interlayer scattering
mechanism and the calculated contribution from Coulomb
coupling does not describe the data. Instead the experi-
mental traces show the development of the rt maxi-
mum at matched n that is characteristic of phonon
exchange [10]. In summary, Fig. 2 demonstrates the
crossover between the three different interlayer scat-
tering mechanisms: phonon exchange for T , 0.1TF ,
single-particle Coulomb scattering for T ø 0.16TF ,
and plasmon enhancement for T . 0.2TF . A further
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expected at even higher temperatures when the plasmon
modes are heavily Landau damped.
In Fig. 3 we investigate the effect of a magnetic field
on the plasmon enhancement at high temperatures. The
magnetic field is always such that the Landau level (LL)
structure is thermally smeared and LL structure is not seen
in the magnetoresistance traces of the individual layers.
The scaled transresistivity is measured as a function of
ndragyndrive at T ­ 40 K for increasing B, when the drive
layer density was fixed at 2.23 3 1011 cm22. We also
observe an overall increase of rt in a magnetic field,
which has previously been reported [13]. At low fields
the rt maximum at ndragyndrive ­ 1 has the same origin
as the plasmon enhanced peak identified in Fig. 2.
In a magnetic field the magnetoplasmon dispersion re-
lation, vsB, qd ­
p
v2c 1 v
2
psqd, is pushed to higher en-
ergies than the dispersion vpsqd at B ­ 0. Therefore
when h¯vc * kBT the magnetoplasmon cannot be so eas-
ily excited and consequently the plasmon contribution de-
creases. Figure 3 shows the matched carrier density peak,
a signature of plasmon enhancement at high tempera-
tures, becoming weaker as B is increased. The matched n
peak disappears at B ø 2 T, the magnetic field at which
h¯vc corresponds to the kBT at 40 K. At B ­ 2.2 T the
transresistivity monotonically decreases with increasing
ndragyndrive, displaying behavior similar to that observed
at T ø 0.16TF in Fig. 2, which has been identified as
single-particle Coulomb scattering. The magnetic field
in Fig. 3 has an opposite effect to that of temperature in
Fig. 2. By increasing the temperature at zero field we can
induce a crossover from single-particle Coulomb scatter-
ing to plasmon enhancement, as the SPEs are smeared into
the plasmon dispersion curves. The reverse transition can
be induced with a magnetic field, lifting the magnetoplas-
mon energy further above the SPE boundary.
In conclusion, we have measured a plasmon enhance-
ment of the Coulomb drag in a double quantum well
system. We have observed a crossover in both tempera-
ture and magnetic field from single-particle behavior to
coupled plasmon enhancement. A detailed comparison
between experiment and theory shows the importance of
many-body corrections to the coupled plasmon modes.
The results presented in this Letter should provide a cata-
lyst for further theoretical work into the applicability of
local field corrections at elevated temperatures. The plas-
mon enhancement of Coulomb drag is an ideal testing
ground for such research.We thank the Engineering and Physical Sciences Re-
search Council (U.K.) for supporting this work. J. T. N.
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